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I. INTRODUCTION
The investigation of protein structure and aggregation behavior is integral to understand protein function and dysfunction and in particular protein misfoldingrelated diseases 1 . For example, the first stages of how the amyloid plaques of Alzheimer patients are formed and what causes this aggregation to happen is not yet fully understood. To tackle this quest, global structuredetermination methodologies have to evolve that allow monitoring structural parameters of the precursor molecules and to observe misfolding at the molecular level. The gas phase provides a well-suited environment to implement such global strategy as the conditions for the experiments can be precisely defined and the overall structure of complex molecular edifices can be preserved using soft ionization techniques 2,3 . Förster resonance energy transfer (FRET) is a phenomenon that allows the probing of structural parameters by means of optical techniques. In the picture of Förster Theory developed in the late forties 4 , the efficiency for a resonant energy transfer between the chromophores depends on their mutual distance as well as orientation of their transition dipole moments. FRET is usually measured by recording a decrease in the fluorescence of the donor chromophore, with the concurrent emergence of the acceptor's fluorescence or by changes in fluorescence decay times. The distance dependence is described by Förster's approximation, (equation 1) a) Electronic mail: philippe.dugourd@univ-lyon1.fr where the so-called critical Förster distance R 0 defines the distance at which 50% of the donor excitation is transferred to the acceptor moiety. It is routinely applied as a model for donor-acceptor distances on a length scale from 1 to 10 nm and when dipole-dipole (or convergent multipole-multipole) approximation for the electronic coupling can be employed appropriately for the donor-acceptor interaction 5 .
E F RET = 1 1 + (r/R 0 ) 6 (1)
The energy transfer is dominated by the 1 r 6 distancedependence that imprinted the term "spectroscopic ruler"
6 on the technique. Thus, the interpretation of FRET results relies on the possibility to graft specific chromophores at well-defined sites on a molecule. Taking into account the flexibility of the chromophores and their linkers, the measured intensities provide information on the mutual distance of these specific sites 7-10 e.g. to monitor structural changes in biomolecules 6, 11 . The use of multiple dye pairs allows for triangulation of biomolecules, which provides three-dimensional structural information 9, [12] [13] [14] [15] [16] . Consequently, combining this phenomenon with the concept of single molecule detection [17] [18] [19] and time-resolved experiments 20 allows for obtaining a unique glimpse into molecular structure as well as inter-and intra-molecular motions. While there exist numerous applications of FRET in the condensed phase [21] [22] [23] [24] , gas-phase FRET measurements [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] suffer from difficulties in recording the fluorescence of a small number of ions in a mass spectrometer. The development of techniques capable of probing FRET in the gas phase with higher sensitivity is thus of high interest. This FRET detection problem has been recently overcome by combining photofragmentation action-spectroscopy with FRET ("action"-FRET) 35 , opening up the possibility to integrate gas-phase FRET into a global approach for structure determination of proteins and protein complexes [36] [37] [38] .
Extracting exact distances from an experimental calibration of FRET efficiencies alone is difficult because additional structural parameters like the orientation of the chromophore's transition dipole moments affect the excitation energy transfer efficiency significantly. In fact, experimental single-molecule FRET (smFRET) studies on DNA strands allowed to specify those orientations and showed a clear orientation-modulation 39, 40 indicating that a negligence of the explicit orientational distribution in "fixed conformations" limits the predictive power. Even in systems where the dye orientation is not strongly restricted, a significant influence on the overall FRET-efficiency was suggested 41 .
Therefore, modeling efforts that access the structure of the chromophore-grafting sites and their distribution or temporal evolution are most attractive. These serve as the basis for the calculation of excitation energy transfer efficiencies and thus assign a detailed molecular picture to the experiments. The accuracy of FRET-efficiency prediction is limited by two major factors. Firstly, the Förster formula is straightforward in its use, but it relies on the validity of its underlying assumption of dipoledipole interaction. Excitation energy transfer rates based calculated with approaches beyond Förster Theory 5 can overcome this issue. For a recent review on the calculation of electronic coupling in excitation energy transfer see ref.
42 . In particular, nonadiabatic dynamics 43, 44 or semiclassical treatments 45, 46 of the excited state dynamics could deliver accurately the excitation energy transfer efficiencies (though at higher computational costs). Secondly, the prediction's accuracy depends critically on the reliability of the structural exploration -being the underlying foundation for the subsequent numerical modeling. Notably, Hoefmüller et al. recently combined single molecule FRET experiments with the mutual dye orientation statistics obtained from Molecular Dynamics (MD) simulations. From the simulated timedependent mutual orientations and distances, FRET efficiencies were calculated and the full statistics of individual photon absorption, energy transfer, and photon emission events were obtained from subsequent Monte Carlo (MC) simulations of the FRET kinetics 47 . The technique is dedicated to time-coherent single-molecule studies in solution and its algorithms and implementation are part of a computational toolkit for the simulation of smFRET on the basis of molecular dynamics (MD) trajectory ensembles 48 . Dedicated to gas-phase FRET, Talbot et al. have combined gas-phase fluorescence measurements and MD-based numerical modeling of the critical Förster distance 27 . The qualitative insight from the calculations allowed them to interpret molecular structures on basis of their modeled conformations. However, conventional MD may not overcome barriers between the guessed initial configuration and the global minimum and may therefore fail to achieve sampling of a representative structural basis. The resulting errors in the modeling of FRET-efficiencies can be qualitative in nature also using accurate methods for excitation energy transfer calculations and can be overcome only with techniques that enhance the exploration of conformational space.
Such an enhanced structural sampling of gas-phase chromophore-grafted peptides together with numerical modeling of FRET-efficiencies based on distances and orientations at the same time has not yet been reported. In this work, we devise a strategy that succeeds in the accurate numerical first-principles modeling of FRET efficiencies based on a thorough exploration and enhanced sampling of gas-phase structures. In brief, we exploit Replica-Exchange Molecular Dynamics 49 (REMD) for the sampling procedure that offer a convenient framework to gas-phase conformations and statistical analyses 50 . Taking into account the distance distributionss and chromophore-orientation distributions at a given temperature, we calculate averaged FRET-efficiencies according to Förster-Theory and finally compare the results with experimentally measured "action"-FRET efficiencies published elsewhere 51 . The paper is structured as follows: we first describe the model peptide and chromophores used throughout this paper, then we explain our modeling setup detailing the procedure to obtain structural ensembles by means of REMD. Finally, we report the numerical modeling of FRET efficiencies and compare them to their experimental counterparts.
II. RESULTS AND DISCUSSION
A. System and experimental gas-phase FRET In order to establish our strategy for converging "action-FRET" experiments and REMD ensemble based FRET modeling, we chose the Amyloid-β 12-28 fragment with the sequence V 12 HHQKLVFFAEDVGSNK
28
for which we recently published experimental data 52 . It has been shown that the naturally occurring mutations in the hydrophobic cluster (residues [17] [18] [19] [20] [21] [22] are an important factor of Amyloid-β aggregation and which are probably indicating an enhanced risk of developing Alzheimer's disease [53] [54] [55] . We used the FRET-donoracceptor pair that we have already proven suitable for this purpose 35 . The acceptor chromophore is QSY7-C5 maleimide, a dark quencher absorbing and fragmenting efficiently at 545 nm in the gas phase 35, 56 . The donor chromophore is 5-carboxyrhodamine 575 (Rh575) C5 maleimide, absorbing at 505 nm in the gas phase. Rh575 was also used as the donor chromophore by Talbot et al. 27 , and both the fluorescence excitation and emission spectra have been previously studied in detail 57 . Both chromophores exhibit a C5 linker chain and a terminal maleimide group that allows thiol-specific grafting under mild conditions. The grafting does not affect significantly the absorption and emission properties of the chromophores. As the target peptide must contain 2 thiol groups for the grafting, our analyte molecule exhibits capped N-and C-terminal cysteine residues (Ace-CV 12 HHQKLVFFAEDVGSNK 28 C-NH 2 ). The chemical formulas of the chromophores grafted onto the cysteine residues are depicted in figure  1 . The QSY7-C5 maleimide and Rh575-C5-maleimide grafted cysteine residues will be denoted throughout the paper as QSY and RDM, respectively. Complementing the herein established theoretical technique, an experimental-theoretical study of the gas-phase structure of chromophore-grafted Amyloid-β peptides is published elsewhere 51 .
B. Computational setup and structural sampling
Replica Exchange Molecular Dynamics (REMD) simulations 49 were conducted to obtain structural ensembles for the chromophore grafted Amyloid-β peptides. The peptide was described on basis of the the Amber99 58 force field, that, different to more recent versions, was parametrized against gas-phase ab-initio calculations. It was completed with the Generalized Amber Force Field (GAFF 59 ) parametrizing the chromophore grafted cysteine residues QSY and RDM. GAFF is designed to "interoperate" with the Amber force field and is suitable for a broad variety of organic molecules. The dye residues were constructed by first finding a low-energy gas-phase conformation of Ace-QSY-NH 2 and Ace-RDM-NH 2 molecules. For this purpose we ran Molecular Dynamics (MD) with simulated annealing based on forces obtained with the semiempirical AM1 Hamiltonian 60 using a local code. To obtain the GAFF parameter sets we exploited AM1-bcc 61 calculations that reproduce HF/6-31G* RESP charges. We used the software acpype 62 in conjunction with Antechamber of the AmberTools version 14 suite of programs 63 for this process. From the parameter sets, we created nonstandard internal residues by removing either the Ace or the NH 2 cap and applying manually a small offset to the partial charges of the connecting atoms in order to re-establish the correct total charge of the residues. The residue libraries in Amber format can be obtained from the supplemental material. The interface between the GAFF and Amber99 residues was achieved by assigning Amber99 amino acid bond-, angle-and dihedral-parameters of the interfacing peptide bond.
All forcefield MD simulations and optimizations were carried out with the GROMACS suite of software in its version 4.6.5 [64] [65] [66] . Topologies of the chromophoregrafted Amyloid beta peptides in 3+, 4+, 5+ and 6+ charge states were constructed using the Leap program of the Ambertools distribution and converted to GROMACS topologies with acpype.
The Ace-CV 12 HHQKLVFFAEDVGSNK 28 C-NH 2 peptides were created in a full extended conformation and the cysteine residues mutated to QSY and RDM in both possible sequences. Additional to the fixed charges from the chromophores (amounting to +2), one, two or three protons were distributed over the LYS (in priority) and HIS residues (LYS 16, LYS 28, HIS 13, HIS 14) and by using the respective parameter set of protonated or neutral residues. For the 3+ and 5+ system, two different topologies resulting from the different possible locations of the proton were obtained. ASP and GLU residues were treated in their neutral form (ASH and GSH Amber residue types) since for relatively small peptides zwitterionic structures are generally less stable in the gas phase. For the MD simulations the systems were treated nonperiodically without solvent molecules or implicit solvation and with no cutoff for nonbonded interactions. For optimizations, the L-BFGS algorithm was employed until a potential energy convergence of 1 kJ/mol was achieved.
MD trajectories were propagated using the velocityverlet integrator with a timestep of 0.001 ps. Thermalization was achieved via coupling with an external heat bath in frame of the velocity-rescaling algorithm 67 that incorporates a stochastic term and thus provides the correct canonical ensemble. Replica exchange molecular dynamics simulations as implemented in GROMACS were conducted by propagating 20 trajectories in parallel. The temperatures of the replicas span a range of 220 K to 850 K (220, 236, 254, 272, 292, 314, 337, 362, 389, 417, 448, 481, 517, 555, 596, 640, 687, 737, 792, 850). After a 0.1 ns equilibration of the replica at their temperatures, sampling of the structures with REMD was begun. A REMD simulation was conducted with a length of 9.9 ns (9.9·10 6 steps) totaling to 10 ns of MD trajec-tory in all temperatures. Exchanges between adjacent replica were attempted every 200 integration steps. The chosen temperatures gave rise to exchange probabilities of 0.01 to 0.1 that ensured the mobility of the replicas through the whole temperature range. After a completed REMD sampling, the 220 K trajectory was quenched by extracting and optimizing every 1000 th step to the next local minimum. A new calculation cycle was started with the found lowest-energy (LE) structure as starting point. The convergence of the procedure was monitored by the energy of the optimized LE structure and the potential energy distribution function (PEDF) of the 220 K and 292 K ensemble. Selecting the quenched lowest-energy structure from the 220K trajectory as starting point for a new run turned out to achieve convergence of the overall sampling procedure more quickly than using the 292K trajectory. When a convergence (energy of optimized LE structure and stationarity of the PEDF) was achieved, the 292 K trajectory was used to represent the ensemble of structures under ambient conditions. In total, about 25 µs of MD trajectory were propagated.
In order to validate our force field parametrization, we tested it against electronic structure calculations with the PM7 Hamiltonian 68 . The found lowest-energy structures from the 220 K REMD cycles were reoptimized without constraints using the MOPAC2012 code 69 . The root mean square deviations (RMSD) of all atoms (including hydrogens) of the corresponding optimized structures are reported in table I. These indicate an overall correspondence of the structures with RMSD value between 0.4 and 0.8Å (the difference between the semiempirical versus force-field optimized structures is visualized for the QSY-Aβ-RDM sequence in figure SA1 in the supplemental material) and confirm the expected accuracy of the chromophore-distance prediction of about 1Å.
The semiempirical energetics can also be used to quantify the importance of the different possible tautomers (different charge locations) for the 3+ and 5+ systems. The relative PM7 energies for the lowest-energy structures of QSY-Aβ-RDM as well as RDM-Aβ-QSY in its 3+ and 5+ charge states are given in table I. Here the label LYN denotes which of the lysine residues was changed to the neutral form, while HIP denotes the position of the protonated histidine residue in Amber notation. The tautomers differ by at least 0.29 eV, so that only the lowest-energy tautomer ensemble was selected for further processing.
C. Calculation of FRET-efficiencies
The critical Förster distance for a chromophore pair is calculated as
where Φ D is the quantum yield of the donor in the absence of the acceptor, J the spectral overlap integral, N A Avogadro's number, n the index of refraction being 1 in vacuum, and κ 2 is the orientation factor 17, 70, 71 . We use a fluorescence quantum yield of 0.82 as known from Rh575 in ethanol 72 . We first evaluated the sensitivity of FRET-efficiencies in the expected range of chromophore separations as a function of the distance between the optical units of the chromophores and the orientational factor κ 2 utilizing a fixed set of spectral parameters of the two chromophores (parameters are given in table II). The optically active parts of the QSY7 (left part in figure 1 ) and Rh575 (right part in figure 1 ) are marked in blue. The geometrical center of these units has been taken to evaluate the chromophore separation. To use the nuclear coordinates to define the center of transition dipole moments is a common strategy (see e.g. Refs. 47, 48 ). The donor and acceptor spectra were approximated assuming a Gaussian lineshape around absorption and emission maximumν max with the half-width of 1000 cm −1 . Equation 3 yields the absorption extinction coefficient ǫ A in L/mol −1 cm −1 from the oscillator strength f QSY e of the acceptor that we have obtained from a TDDFT calculation (see supplemental material), transition energies given in cm −1 . The calculated spectra were used to calculate the spectral overlap integral (equation 4 with F D (λ) being the normalized fluorescence intensity).
The numerical results for these chromophoreparameters are visualized in figure 2 (compare also table . On the other hand, the occurrence of high FRET-efficiencies can be substantially decreased by a perpendicular chromophore orientation leading to κ 2 approaching zero. Consequently, if a simple distinction between near and far is to be extended by a more accurate quantitative measure, an inclusion of the orientational effects is mandatory.
In order to predict the average FRET-efficiencies for the chromophore-grafted Amyloid-β peptides, we have postprocessed the calculated structural samples in the 3+, 4+, 5+ and 6+ charge states and have computed explicitly their FRET-efficiencies. In the following, we compare two different strategies with respect to the structural basis for the FRET-efficiency calculation: a) single low-energy conformations and b) the inclusion of the full canonical ensembles. The results for the modeled FRETefficiencies in comparison with the offset-corrected exper- imental efficiencies are displayed in figure 3 . Figure 3a depicts the FRET efficiencies obtained for the lowest-energy structure (LE) with an assumed isotropic chromophore-orientation distribution (κ 2 = 2/3). The agreement of the efficiencies in figure 3a is qualitative, showing that already the single lowest-energy structure is indicative for the overall trend and may be used to classify chromophores as near or far . Here, thermal effects are not accounted for as the lowest-energy structure corresponds to a temperature of 0 K. This adds to the negligence of chromophore-orientational effects and explains the mediocre agreement.
There are two main strategies to improve the agreement. On the one hand, chromophore-orientations can be explicitly accounted for rather than assuming their isotropic distribution, and, on the other hand, a statistically representative thermal ensemble can be used as a structural basis. We included both effects by using explicit orientational and distance distributions in the 292 K ensemble and report the resulting E F RET values in figure 3b . Evidently, this strategy -which we discuss in detail in the following -reproduces the experimental values in good agreement.
The results from analyzing the thermal ensembles are displayed in figure 4 together with a visualization of a small ensemble of structures. The sampled distance distribution functions as a function of charge state are displayed in figure 4a. The two sequences QSY-Aβ-RDM versus RDM-Aβ-QSY in the 3+ charge state exhibit different chromophore separations indicated by the two distinct features of the distribution function. In the 6+ charge state, three different conformations of the two sequences appear to be sampled at 292 K. In conclusion, a single distance from only one single structure might be a poor representation of the structured and nonsymmetric distance distributions present at 292 K. The orientation factor κ 2 can be calculated from a structure according to equation 5 with the N-atoms of the chromophores defining the transition dipole moment vectors µ of the optically active units. Upon the sampled canonical ensembles of structures at 292 K we have calculated the κ 2 distributions shown in figure SA3 in the supplemental material.
From the distance distributions and the κ 2 distributions we calculated FRET-efficiency distributions in the 292 K ensembles as shown in figure 4b. These assume a very different functional form compared to the distance distributions. While for the 3+ and 6+, the distributions are centrered around a value near to 1 and near to 0, they are spread over a large interval for the 4+ and 5+ charge state. This behavior is originating from the broad shape of the orientational factor κ 2 distribution function with values ranging between 0 and 4.
From the κ 2 distribution functions, the potential impact of chromophore orientations on the FRETefficiencies can be deduced. For this reason, we quantified the deviation between the observed and the theoretical isotropic κ 2 distribution functions. The integral absolute deviation between the two functions (see supplemental FIG. 5 . Correlation between chromophore distance and FRET efficiency for Rh575/QSY7-labeled Amyloid-β peptide fragments in the charge range from +3 to +6. Blue color map shows the normalized probability distribution for the occurrence of a specific EF RET , r pair in the samples (dark blue regions indicate a high probability). Discrete EF RET values were calculated for all sampled distance and chromophore orientationsof all charge states and both possible sequences RDM-Aβ-QSY and QSY-Aβ-RDM and smoothed by twovariate Gaussian functions. The ensemble-average EF RET ,r pairs for each charge state are given as green dots. In red, the analytic FRET-efficiency curve is given for a fixed orientation factor of κ 2 = 2/3. material, figure SA3 ) amounts to 0.7 for the 3+ compared to about 0.35 for 4+, 5+ and 6+. This high deviation for the 3+ charge clearly indicates a nonisotropic distribution. In the molecular picture, the narrow κ 2 distribution is associated with discrete conformations being fixed by intramolecular interactions. Notice, that the particular conformation adopted is not only imposed by the overall charge state, but also depends on the charge location (that there exists an interplay between charge distribution, conformation and FRET-efficiencies can be depicted from the different 3+ κ 2 distributions in figure  SA4 of the supplemental material). In the 4+, 5+ and 6+ charge systems a quasi-free rotation of the optically active units can be concluded from the κ 2 distributions -where fixing interactions are absent. Overall, the observed decrease in E F RET with growing charge state is in agreement with the expectation that the Coulombrepulsion between the charges is the main driving force for the structural changes upon protonation.
For making the overall effect of thermal distributions on FRET-efficiencies more comprehensive, we visualize the E F RET versus distance correlation in figure 5 . This 2-dimensional plot maps the calculated FRET-efficiencies onto the space of sampled distances. The ensembleaverage values E F RET depicted by the green dots correspond to the values reported in 3b. This 2D map demonstrates that there exists no one-to-one mapping of a single distance with a single FRET-efficiency. An unambiguous assignment of a single conformation of a molecule to an experimental E F RET value is therefore only possible when distance and κ 2 distributions are narrow and posess only one maximum. This limits the isotropic orientational distribution assumption (κ 2 =2/3) often made. Concerning the ensemble-average of chromophore separations at 292 K, however, the (κ 2 =2/3) assumption seems reasonable for the studied system. In conclusion, the knowledge of the explicit thermal structural ensembles is mandatory to perform a structural assignment to a FRET efficiency and to judge assumptions of orientational distributions. For this reason a global experimental-theoretical strategy is the most promising route towards the determination of biomolecular structures in the gas phase.
III. CONCLUSIONS AND OUTLOOK
In the presented work, we have performed a complete first-principles modeling of FRET-efficiencies of the chromophore-grafted Amyloid-β (12-28) fragment in the charge states 3+, 4+, 5+ and 6+. The modeling is based on an extensive exploration of the conformational space of twelve different systems (charge states, tautomers) by Replica-Exchange Molecular Dynamics (REMD) totaling to about 25 µs of MD trajectory. We compared the FRET-efficiencies calculated using Förster Theory with measured values from the gas-phase "action"-FRET experiments (Daly et al. 51 ). By analyzing the agreement between experiment and theory employing different structural representations, we found that an inclusion of distance distributions of the canonical ensemble outperforms calculations where only single low-energy conformations are considered. The former agrees very well with the experimental data. The average FRET-efficiencies of the systems studied here mainly depend on the average chromophore separations and orientational effects do not play an important role. For for the 3+ charge state however, we have identified fixed chromophore orientations with a reduced rotational freedom which leads to clear non-isotropic κ 2 distribution. The fact that the extent of conformational fixing is depending on the particular system, suggests an explicit inclusion of chromophore orientation distributions into FRET modeling as best practice. Including thermal and conformational effects, we obtain excellent correspondence of theory and experiment, thereby assigning structural parameters such as the interchromophore distance distributions to the experimental signal. An "elongation" of the peptide and the resulting drop in FRET efficiency with increasing charge can therefore be interpreted. The achieved agreement encourages us to use the structural model, parametrization and sampling scheme for further investigations. The simulation protocol can be easily adapted to other peptides charge states and protonation patterns. It has to be noticed, however, that the bottleneck for the numerical accuracy of the procedure is a complete exploration of the molecule's conformational space. In view of the increasing conformational freedom of bigger systems, the presented strategy might be extended with biasing and steering algorithms 73 .
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Supplemental Material for:
Structural exploration and Förster theory modeling for the interpretation of gas-phase FRET measurements: Chromophore-grafted Amyloid-β peptides Figure SA2 shows the influence of distance distributions and orientational distributions on the FRET-efficiency predictions. SA2a) and SA2b) correspond to figure 3a and 3b in the main text (taking the lowest-energy optimized structure and isotropic orientational distribution / explicit thermal distance and orientational distributions) Figure SA2b) shows the FRET-efficiency values from the lowest-energy optimized structures but with the explicit κ 2 value for the structure. Although the results for the 4+ and 5+ appear to better fit the experiment than the calculation in figure 3a/SA2a, a significant error cancellation might be present (QSY-Aβ-RDM and RDM-Aβ-QSY FRET efficiencies differ by up to 0.2) The deviation of the 6+ charge state from the experiment is characteristic for a situation in which such cancellation does not take place. Therefore, we regard calculating FRET efficiencies based on a single e.g. LE structure but accounting its explicit chromophore-orientation inferior to using κ 2 =2/3. In SA2c) a thermal ensemble of distances corresponding to 292 K is used for the calculation. Here, the width and shape of the distance distribution function is accounted for in its influence on the FRET-efficiencies. Chromophore-orientations have been assumed to be isotropically distributed. This treatment proves to be rather accurate for the systems studied here, as a very good quantitative agreement with the experiment is achieved. Comparing figure SA2c with SA3d (figure 3b in the main text) indicates only a slight improvement of the numerical results when also explicit orientational distributions are included. Although the 3+ charge state displays fixed conformations with narrow κ 2 distribution, it does not greatly affect the averaged FRET-efficiencies. The low chromophore distance is responsible for FRET-efficiencies that are very near to one, irrespective of their orientation. It has to be pointed out that for a different system, conformational fixing could coincide with separations in the sensitive region (e.g . if conformational fixing would be existent in the 5+ charge state of our system) which would lead to a breakdown of the good agreement with the strategy of figure SA3c.
